Abstract-In this paper, a new six-phase pole-changing induction motor drive is proposed to extend the constant-power operating range for electric vehicle application. The double Fourier series is newly employed to analyze the spectra of the motor phase voltage and current. Consequently, the harmonic expression of the inverter dc-link current can be derived. In order to reduce the dc-link harmonics, a new sinusoidal pulsewidth-modulation strategy is developed for the proposed six-phase inverter. Experimental results, particularly the spectra of the phase current and the dc-link current, are given to verify the theoretical analysis.
Spectral Analysis of a New Six-Phase Pole-Changing Induction Motor Drive for Electric Vehicles
I. INTRODUCTION
T HE squirrel-cage induction motor (SCIM) has been identified as being one of the most viable motors for modern electric vehicles (EVs) [1] . Nevertheless, there is still one obstacle for its wide application to EV propulsion, namely, the difficulty in providing constant-power operation for the high-speed range of EVs. Thus, the inverter-fed six-phase pole-changing SCIM drive is becoming attractive for modern EVs [2] .
Recently, a new six-phase pole-changing SCIM drive has been fproposed for EVs [3] . Both the maximum torque characteristics and harmonic torque have been analyzed by circuit simulation, indicating its promising application to EV propulsion. However, the circuit simulation cannot give an insight into the spectrum of the phase current and, hence, that of the dc-link current. It should be noted that the dc-link harmonic currents cause the rise of the battery temperature and, consequently, decrease the battery lifetime. The battery lifetime is the most important factor to affect the operating cost of EVs [4] .
For three-phase inverters, there are many pulsewidth-modulation (PWM) schemes that have been developed to reduce the output harmonics and, hence, the dc-link harmonics [5] . Nevertheless, the six-phase inverter provides the feasibility to further reduce the harmonic content of the dc link. In [6] , a dual inverter, the so-called the double-pulse inverter, was used to feed a six-phase SCIM. It proposed to shift the phase between two carriers of the dual inverter so as to reduce the dc-link harmonics. However, the corresponding analysis was essentially qualitative and no experimental verification for the harmonic reduction was given. The purpose of this paper is to develop a new inverter-fed six-phase pole-changing SCIM drive for EV propulsion, with emphasis on the spectral analysis of the motor phase current and the inverter dc-link current. Both phase shifts between two references and between two carriers of the six-phase PWM inverter will be proposed to achieve electronic pole changing and harmonic suppression, respectively. In order to analytically assess the dc-link harmonics, the double Fourier series will be employed. Finally, experimental results will be given to verify the theoretical analysis.
II. POLE-CHANGING SCIM DRIVE Fig. 1 shows the proposed inverter-fed six-phase pole-changing SCIM drive. The key is to split the conventional three-phase windings --into two sets of three-phase windings --and --, the so-called dual-star six-phase windings. There are 24 slots in the stator of the designed motor. All 24 coils are of double layers. The corresponding winding connection is illustrated in Fig. 1(b) . 2 shows the magnetomotive force (MMF) waveforms at the instant that the current of the phase-winding reaches its maximum value. In Fig. 2(a) , the currents of two star-connected windings are out of phase, producing the two-pole MMF waveform. In Fig. 2(b) , the two currents become in phase, producing the four-pole MMF waveform. Thus, the number of poles can be altered by changing the phase difference between the currents of two star-connected windings. Hence, by controlling the switching signals of the inverter for this six-phase SCIM, the corresponding pole pairs can be changed electronically.
III. SIX-PHASE INVERTER OPERATION
The proposed six-phase inverter is considered as two threephase inverters operating simultaneously. In both three-phase inverters,thenaturalsampledPWMalgorithmisadopted,wherethe switching signals are generated by comparing a sinusoidal reference with a triangular carrier, as shown in Fig. 3(a) . For four-pole operation,thephasesandamplitudesofthetwosetsofthree-phase references are identical. Under this condition, the phase difference between two triangular carriers leads to two possible cases on how to generate the PWM signals-namely, the case 4P1 in which the two carriers are in phase, and the case 4P2 in which the two carriers are exactly out of phase. On the other hand, for two-pole operation, the phases ofthe two sets ofthree-phase references are exactly out of phase while their amplitudes are kept the same. Correspondingly, there are also two possible cases-2P1 and 2P2 in which the phase differences between two carriers are in phase and exactly out of phase, respectively.
In order to identify the appropriate cases for the proposed six-phase inverter, spectral analysis of the corresponding harmonic distributions is conducted by means of the double Fourier series [7] . To simplify the analysis, some basic assumptions are made: the power devices are ideal, the dead time is negligible, and the dc-link voltage is constant. The phase-voltage with respect to the negative terminal of the dc link, , is adopted for exemplification. Based on and ( is the angular frequency of the reference and is the angular frequency of the carrier), the time axis shown in Fig. 3 (a) can be transformed to two angular axes and . The triangular carrier and sinusoidal reference are then, respectively, represented by (1) (2) where is the modulation index. By solving (1) and (2), the intersection abscissas on the axis within a carrier cycle are given by (3) (4) where , and is the modulation ratio defined as . On the plane, the angular representation of PWM signal generation is illustrated in Fig. 3(b) . Within each period, the intersection abscissas between the line and the sinusoidal curves and satisfy (3) and (4) . If is an integer, the resulted PWM signal is repetitive over each along the axis and over each along the axis. Thus, the two representations in Fig. 3 are equivalent. Consequently, the PWM voltage can be defined as (5) where is the dc-link voltage, and is a periodic function. By applying the double Fourier series, it can be expressed as (6) where , , , and . Notice that is the Bessel function of the first kind defined as . With the transformations of and , (6) is rewritten as (7) Hence, the phase voltage with respect to the negative terminal of the dc link, , can be deduced as
Subtracting (8) from (7), the line voltage between phases and is given by Based on the phase relations between phases and for the four cases, the double Fourier series of the phase voltage can readily be deduced from (10). In the case 4P1, there are no phase differences between the two references and between the two carriers, the phase voltage is identical to the phase voltage. In the case 4P2, due to the phase differences of 180 between the two carriers, the second term of becomes out of phase with respect to that in (10). For the case 2P1, due to the phase difference of 180 between the two references, the first and the third terms become out of phase. For the case 2P2, since both the two references and the two carriers are out of phase, all the three terms are out of phase. Under the same battery voltage and modulation index, Table I summarizes the double Fourier series coefficients of the phase voltage in all four cases.
From (10), it can be found that the phase voltage includes two parts: the first term is the reference-frequency component, the second and the third terms are the cross-modulation components. When the modulation ratio is an even number, the second term represents the even harmonics, and the third term denotes the odd harmonics. Hence, both odd and even harmonics are present in the phase voltage. When is an odd number, both the second and the third terms are odd harmonics, leading to the presence of odd harmonics only in the phase voltage. Therefore, an odd modulation ratio is purposely adopted to eliminate the even harmonics.
When the magnetic saturation effect of the SCIM is neglected, the fundamental and harmonic phase voltages can be regarded as independent voltage sources. The fundamental and harmonic currents can then be calculated by using the per phase equivalent circuit shown in Fig. 4 . The corresponding parameter values measured at 50 Hz are also listed with and without brackets for two-pole and four-pole operation, respectively. In the star-connected windings, the triplen harmonic voltages cannot produce the corresponding harmonic currents. From (10), the current of phase in four possible cases can be where is a positive integer, ,
, and are the equivalent input impedances, and , and are their phase angles. Hence, the current of phase in the cases 4P1 and 4P2 can be obtained as (12) where the " " sign is for the case 4P1 and the " " sign is for the case 4P2. Similarly, the current of phase in the cases 2P1 and 2P2 can be obtained as (13) where the " " sign is for the case 2P1 and the " " sign is for the case 2P2.
Due to the symmetry property, the currents of other phases can be easily derived from (11)-(13). By selecting , , V and using (11)-(13), the simulated current waveforms of both phases and at the synchronous speed of 1500 r/min and the load of 150 W are shown in Fig. 5 . They testify that the fundamental currents, hence, the number of pole pairs, are only dependent on the phase between references, and are irrelevant to the phase between carriers. In the four possible cases, the phase currents have a similar spectral pattern. The spectrum of phase current is illustrated in Fig. 6 . It can be observed that the larger harmonic amplitudes concentrate nearby the multiples of the carrier frequency. Their order numbers are , where and are not simultaneously even or odd.
IV. HARMONICS OF DC LINK
Since the power devices of the six-phase inverter are assumed to be ideal, the instantaneous power absorbed by the motor is equal to that supplied by the battery. This yields (14) where is the dc-link current, , , , , , and are the phase voltages, and , , , , , and are the phase currents. It can be found that the first part in (14) is contributed to by the voltages and currents of the windings , and . It can be expressed as 
Notice that the components in (16) are dc currents, and are generated by the same order of voltages and currents. The components in (17) are even harmonic currents centered on the even multiples of the carrier frequency. The order number of the harmonics in the first four terms is where is even. From (19), it can be found that the amplitudes of the harmonic currents in the last three terms in (17) are much smaller than that of the harmonic currents in the first four terms. The components in (18) are still even harmonic currents, but they center on the odd multiples of the carrier frequency. The order number of the harmonics in the first four terms is where is odd. From (20), the amplitudes of the harmonics in the last three terms in (20) are also much smaller than that of the harmonics in the first four terms. Hence, if only odd harmonic currents exist in the phase currents, the even harmonic currents will be exclusively present in the dc link. Moreover, they center on the multiples of the carrier frequency, and the amplitudes of even triplen harmonics are larger than that of other harmonics. Similar to (15), the second part in (14) can also be expressed as (21) By comparing the double Fourier series coefficients for the cases 4P1 and 4P2 in Table I , the following is determined: Similarly, by substituting (22), (23), and (25) into (14), the dc-link current in the case 4P2 is obtained as (27) A comparison of (26) and (27) shows that the case 4P2 takes a definite advantage over the case 4P1 that the harmonic centered on the odd multiples of carrier frequency is eliminated. The derivation of (26) and (27) is also applicable for two-pole operation, respectively, the cases 2P2 and 2P1, but with different coefficients in (16)-(18). These coefficients are decided by the equivalent input impedances and the double Fourier series coefficients. Under the same conditions, the spectra of the dc-link currents for the four possible cases are shown in Fig. 7 . It can be observed that the harmonic contents centered on the odd multiples of the carrier frequency in the cases 4P2 and 2P1 are significantly lower than those in the cases 4P1 and 2P2, respectively. Therefore, 4P2 and 2P1 are respectively superior to 4P1 and 2P2 for the proposed six-phase pole-changing SCIM drive.
V. EXPERIMENTAL RESULTS
In order to verify the spectral analysis of the proposed six-phase pole-changing SCIM drive, the system is prototyped and tested. Fig. 8 shows a block diagram of the test system, in which the digital signal processor (DSP) TMS320F240 board is adopted to produce the sinusoidal references. Notice that this DSP board will also be used to implement a sophisticated control algorithm in a later stage. The frequency of the triangular carrier is selected to keep the modulation ratio equal to 45. Then, the sinusoidal PWM switching signals for the insulated-gate-bipolar-transistor (IGBT)-based six-phase inverter are generated by the PWM generator. The experimental six-phase pole-changing SCIM is 0.7 kW, and can electronically switch between four and two poles.
For the cases 4P1 and 4P2, the frequencies of the reference signals are selected at 50 Hz; whereas, for the cases 2P1 and 2P2, the reference signals are selected at 25 Hz. Therefore, the synchronous speed of the SCIM in all four cases is kept at 1500 r/min. The carrier frequency used in the cases 4P1 and 4P2 is 2250 Hz and that in the cases 2P1 and 2P2 it is 1125 Hz. The measured phase current waveforms, for 4P1 and 4P2 as well as 2P1 and 2P2, at the load of 150 W are shown in Fig. 9 . The spectrum of phase current in the case 4P1 is shown in Fig. 10 , in which the bracketed values are the corresponding simulated results. It can be seen that these experimental results agree well with the simulation results shown in Figs. 5 and 6. The measured spectra of the harmonic currents in the dc link are shown in Fig. 11 , where the simulated results are also listed with brackets for direct comparisons. It can be observed that the case 4P2 takes the advantage over the case 4P1 that the harmonic amplitudes centered on the odd multiples of the carrier frequency are greatly suppressed. Similarly, the spectrum of the case 2P1 has such a harmonic suppression. Therefore, both experimental and simulated results confirm that 4P2 is preferred to 4P1 for four-pole operation, while 2P1 is preferred to 2P2 for two-pole operation.
VI. CONCLUSION
A new six-phase pole-changing SCIM drive has been presented, which is particularly suitable to extend the constant-power operating range for EVs. The key is to propose a new sinusoidal PWM strategy in such a way that the two carriers of the six-phase inverter are out of phase during four-pole operation, whereas they are in phase during two-pole operation. With the use of double Fourier series, both the phase currents and, hence, the dc-link current have been analytically derived, indicating that the dc-link harmonics centered on the odd multiples of the carrier frequency can be eliminated. Experimental results have been given to support the theoretical spectral analysis.
With the use of the proposed PWM strategy, the dc-link harmonic currents can be significantly reduced, hence, improving the battery lifetime which dominates the operating cost of EVs. Although the proposed PWM strategy has adopted the sinusoidal PWM scheme, it can readily be extended to other schemes such as space-vector PWM and optimized PWM.
